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The last two decades have lad to a greater understanding of the genetic basis of human malignancy. Although numerous mmSc 
altera ions have been detected in cancer, activation of oncogenes and inactlvation of cell cycle regulators (e. gl< tumor suppressor 
genes) are now known to play a critical role in the progression of the disease. Therapeutic strategies based on specific molecular 
alterajons in cancer Include ^introduction of wild-type tgmor suppressor function to cells lacking the-gene. pS3 gene therapy 

rWl? V te ¥ to f * B P°* ntfa| cllnical imm * * lhffi *PP™*< Alterations in p53 function am present in 
approximately half of all malignancies, and expression of wikMype p53 can result in apoptosis in human tumor cells. This review 
IS f!f w?th p53 gene therapy, highlighting the preclinical efforts wfch adenoviral, retroviral, and 

SiSil 6 livery systems A comprehensive review of the various clinical targets suggested for p53 gene therapy fs 
presented together with challenges and prospects far future clinical investigation. 

Key words p$3 gene ther*pr,p33 tumor suppressor geny adenovirus? retrovirus; liposomes; gent therapy vector* review article 



The p53 tumor suppressor is a 393-ammo add nuclear 
pbosphoprotain that acts as a transcription factor to 
control the expression of proteins involved in the coll 
cycle. 1 * lh response to DNA .damage, wild-type p53 
accumulates 10 toe nucleus and arrests the eel) cycle via 
the cyciu>dependent kinase inhibitor p2lWAPl/CTPL 
Alternatively, p53 can induce apoptosis or programmed 
cell death through both transcription dependent (e,g. f 
bax, Fas) and transcription-independent pathways. Be- 
cause of these functions, p53 has been called the "guard- 
ian of the genome" and loss of p53 has boon implicated 
in tumor progression. Functional inactlvation of p53 can 
occur by several mechanisms including direct genetic 
mutation, binding to viral oncoproteins or cellular fac- 
tors (e,g„ mdm2), or alteration of tho subcellular local- 
isation of the protein. Although p53 is not essential for 
normal development, p53 "knock-out" mice arc suscep- 
tible to tumors early in life. Mutations in p53 have been 
reported in a majority of clinical cancers, and it has been 
estimated that p$3 function is altered in half of all 
human malignancies. Non-random mutations in p53 
have been reported in clinical specimens, and frequent 
mutations correspond to evolutionary conserved re- 
gions of the molecule. Of particular significance, alter- 
ations in pS3 are linked to poor prognosis, disease 
progressioa» and decreased sensitivity to chemothera* 
peutic agents. Detailed reviews on p53 function have 
appeared recently, 3 "* and the reader is directed to them 
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far a more detailed description of p53 structure and 
function. 

.Consistent with the definition of a tumor suppressor 
gene y introduction of the wild-type pS3 has been 
shown to bo incompatible with the tumorigenlc phono- 
type of many tumor cell lines* Early experimental work 
with neoplastic cells stably transduced with wild-type p53 
demonstrated a suppression of cell growth, decrease in 
colony formation, and reduction in tumorigenfeity in 
nude mice, 6 - 7 In addition, Shaw at ar provided evidence 
that re-expression of p53 in established tumors can 
induce apoptosis in vivo. More recent efforts, summa- 
rized below, have confirmed these initial findings with 
gene therapy vectors suitable fcr human clinical trial* 
Results from preclinical studies also suggest that non- 
transformed cells can tolerate exogenous expression ol 
p53, providing a potential therapeutic index for the 
treatment of cancer. 

GENE DELIVERY SYSTEMS 

Clinical investigations using gene therapy have only 
recently been initiated, and many obstacles to efficient 
gene delivery have been identified. Successful gene 
therapy strategies will match a gene delivery system with 
a gene for a particular clinical application. 9 Although the 
p53 gene is altered in many human cancers, a single gene 
delivery system is not likely to be optimal for all indica- 
tions. For example, intratumoral d dry cry to p53-altered 
bead and neck tumors may require high local concert- . 
(rations of a viral vector, whereas an alternative gene 
delivery system may be required to target blood-bome or 
metastatic disease. In addition, the requirement tor 
integration of a tranggene will govern the selection of a 
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fully enable m Ww gene delivery of p53. 

Adenoviruses 

d ? iv f * systems have been ex- ' 
SS/^ 6 ^erapy including those baaed onade- 
jo™ ; adeno^oeiated virus, herpes virTand vac- 
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genetic materia) into normal cells. Several' investigators 
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Nonviral gene delivery 

SHSSSf ° f f* ti0nic , IP 1 * ^ °NA provides an 
fSrSi 0 ,-^ 1 ^ sterns. Ahiongh leas 

teftS h Pi d : ba8 ? d S eae da livery system is Byto 
ne less toxic and less immunogenic thai* H trat«n«r»s« 
use recombinant viruses. BothSi aS 23R5 
If^r^r"'^ °PPortuni V to dSsSSe 
SnH?fS^ P 53 ff e °n loiregional mang- 

nandfis. However, delivery of the p53 gone to metaS 
tomors via systemic administration wflf lltoS rSS 
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multiple administrations of a nonimrounogenic (i.e., 
nonviral) gene delivery system. The challenges associ- 
ated with systemic delivery of macromolecules to tumors 
has been well documented. 1 * Despite these obstacles, 
gene transfer to both normal and neoplastic tissue has 
been reported after lipid-based gene delivery. 1 * Al- 
though the relative efficiency of transgene expression is 
low compared with viral vectors, systemic delivery of p53 
has been shown to inhibit tumor growth in animal 
models. These studies suggest that the efficacy of p53 
gene therapy may be due to broader mechanisms than 
originally suspected, i.e n inhibition of angiogenesis and 
other "bystander" effects (see below). Additional im- 
provements in the efficiency of nouvjjal gene delivery 
systems are expected, and such improvements may en- 
able systemic delivery that can be enhanced by tumor 
targeting. 



CLINICAL TARGETS 

Investigators have published studies on the effects of 
wild-type pS3 gene therapy on more than 100 cell lines 
and tissues (Tables Hie general conclusion from 

these studies is that the introduction of wild-type p53 
into neoplastic cells in vitro is lethal in most cells, if the 
colls are p53 raut or ?53 m K However, as Polyak et aP 
reported, same cell lines are only growth arrested. In 
most cases, p53 wt neoplastic cells and normal cells were 
unaffected unless other factors influenced p53 function, 
such as human papiltomavinis (HPV). Intratumoral dosing 
of p53 wul or p53 nuU tumor xenografts in immunocompro- 
mised mice resulted in tumor growth inhibition and 
often, tumor regression. In addition, two studies have 
demonstrated a reduction of p53 mut mammary tumor 
metastases in the lungs after intravenous dosing with two 
different p53 vectors, 58 * 60 Dosing via the Intrahepatic 
artery has also shown therapeutic benefits against p53 mttl 
hepatocellular carcinoma in Buffalo rats,* 5 while dosing 
via the intrahepatic vein was not effective in SV40 Tag 
transgenic mice with liver tumors. 65 

Numerous investigators have demonstrated expres- 
sion of wild-type p53 after introduction of DNA into 
cells using adenovirus, retrovirus, herpes simplex virus, 
liposomal, and plasmid vectors. All tissue-types tested so 
far have been permissive for exogenous p53 expression. 
Typical offsets include changes in cell morphology, cell 
cycle arrest, and increased apoptosis or differentiation. 
Endogenous gene expression is often affected as well. 
Induction of p21 (WAF1/CIP1) has been reported after 
expression of exogenous p53 in prostate tumor cells, 19 
ovarian tumor cells,* 2 colorectal tumor cells. 2 ** 1 head 
and neck tumor cells, 44 mammary tumor cells, 1 * 122 and 
mammary tumor xenografts- 60 Induction of MDM-2 has 
been reported in mammary 1 * and medulloblastoma 
cells, 67 and godd45 expression was induced in ovarian 
tumor cells." 

Harris et al 16 correlated the percentage of tumor cells 
transduced by a 0-gal adenovirus with the antiprolifera- 
tive effects of a p53 adenovirus (Rg !)■ In p53 nun and 



p53 mul cells, they found a strong positive correlation 
between the degree of p53-induced growth inhibition 
and the rate of adenovirus transduction. In contrast, cell 
lines expressing normal levels of wild-type p53 were 
minimally affected by p53 transduction, independent of 
the adenovirus transduction rate. 

Nielsen et al 1 * found that the ability of a |3-gH] 
adenovirus to transduce three mammary tumor lines in 
vitro was predictive of the in vivo efficacy of a p53 
adenovirus against tumor xenografts. At the same ade- 
novirus concentrations, MDA-MB-468 ceils had a 
slightly higher transduction rate than MDA-MB-231 
cells, while MDA-MB-435 cells were resistant to adeno- 
virus transduction- Intratumoral dosing of MDA-MB* 
468 and -231 xenografts resulted in significant growl! 1 
inhibition and regression, while MDArMB-435 xeno- 
grafts were completely unaffected. By contrast, systemic 
dosing of MDArMB-435 xenografts with a liposomal 
formulation of the p53 gene caused growth inhibition, 
regression, and reduced lung metastases. 60 These results 
strongly suggest that the lack of MDA*MB-435 tumor 
response in Nielsen et al 15 was not due to an inability of 
p53 to inhibit the growth and metastasis of MDA-MB- 
435 tumors, but Tather, was due to the low adenovirus 
transduction efficiency of this cell line. 

The Ov integrins have been implicated as cellular 
elements required for efficient internalization of type 2, 
3, and 4 adenoviruses. 69 " 73 It is likely that integrins 
perform the same role for type 5 adenovirus. Wickham 
et al 70 observed 5~10-fold higher internalization of a 
recombinant type 5 adenovirus in cells transfected with 
Oyfis compared with cells lacking «y expression or trans* 
fected with 0^3. The human embryonic kidney 293 cells 
used for production of Sl-deleted adenoviruses express 
Ovft, but not Ov0s integrins. 72 FAGS analysis demon- 
strated that MDA-MB-231 and MDA-MB-435 cells both 
express roughly equivalent levels of all these integrin 
family molecules. 15 Therefore, the lack of adenovirus trans- 
duction in the MDA-MB-435 Line is not due to a 
deficiency in integrin espressiou. It is possible that 
MDArM&435 cells axe deficient in the cellular receptor 
required for adenovirus binding or that some other 
component required for viral binding, internalization, 
and gene expression is defective. Only recently, has a 
putative adenovirus cellular receptor (CAR1) been iden- 
tified. 73 Future investigations with CAR1 should eluci- 
date the resistance mechanism in MDA-MB-435 cells. 

Prior to the identification of CAR1, 73 Seth et al 17 
measured the number of adenovirus-binding sites on 
three mammary tumor cell lines (MDA-MB-231, -453, 
and MCF-7) and normal bone marrow cells. Mammarv 
tumor cells had 1-2 X lti* high affinity and 5-8 x 1(V 
low affinity binding sites for type 5 adenovirus. By 
contrast, adenovirus binding sites were undetectable on 
bone marrow cells. Binding site quantification was pre- 
dictive of transduction rates by p-gal adenovirus with 
100% of mammary cells transduced at 100 PFU/cell, out 
no bone marrow cells transduced at 500 PFU/celL 
Colony formation by MDA-MB-231 cells was reduced 
S5% by 1 PFU/cell of p53 adenovirus and 100% by 10 
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Tafrte 1» Efficacy of pSO Gone Therapy Against Tumor calls In vitro 



Vector 



Cell Bnes 



1 

1 
t 

I. 

0 



Breast cancer 
Act 
Ad 

Ad 
Ad 
Ad 
Ad 
Ad 
Ad 

Rtv 

Ovarian cancer 
Ad 
Ad 
Ad 
Ad 

Ad • 
Ad 
Ad 

Cervical cancer 
Ad 
Ad 
Ad 
Ad 

Prostata 
Ad 
Ad 
Ad 
Ad 

Lung 
Ad 

' Ad 
Ad 
Ad 
Ad 
Ad 
Ad 
Rtv 

Rtv 

Head and neck Cancer 

Ad Tu-136, MDA6B8-LN 

Ad TR1« 

Ad TVI38, TlM77, MDA 686*LN, MDA 886 

Ad TU-138, Tu-177. MDA 686-LN, MDA 88$ 

Ad TIM 38, MDA 66&-LN 

Ad CNE-1.CN B-2Z 

Nervous system cancer 
Ad QSB, 058, G112, G122. 6124. U87 M<3 

Ad Gl 12, SK-N-MC, SN-N-BH 

Ad U-251 MG, T-88 Q, U-87 MB. U-373 MG, LM33 

MG. A.172, LA, EFC-2, D54 MG 
Ad RatBL 
Ad T98G 
Rtv A5T3 



ED W values for effects of p53 garto 
therapy on cell proliferation 
(P) or colony formation <Q) 



Reference 



MDA-MB-231, -468> *435 

*MDA*1B-231, -468, 8K-BPW, BT^849, T^7D. HBL- 

100, M0F7 
MOA-MB*231,-453, MCF-7 
MDA-MB-231, -453, -157, MCF-7. 18488, MCF10 
MCF-7 
MCF-7 

MDA-MB-468 
8kBr3, MCF-7 

MDA-MB-468, BTS49 

SK-OV-3, Caov-a. Caov-4> PA-1 
SK-OV-3 
8K-OV-3 
8774 
SK-OV-3 
8K-OV-3 
6K-0V-3 

033A. KT3, HoLa. C4* MS751, ME180. CsSki, SiHa 
HeLa 
HeLa 
HeLa 

- ■> 

C4* (LNCaPJ, DU-145, PC* 
LNCflP, DU-145, DuPro-1 
Mouse 148-1 PA 
TSu-Prl 

H3$8. OaHi-B r R661, H59S, H23, H322, K460. MRO- 

9, A548, WI*3B 
H358 
H23 

H69, H338 

H228Br. H358, H322, H4B0 
H1289 
H358 

H226BT, H358 
H358. H382, R480 
H322.WT22B 



NS, N6, >50 OIU/ccll (P) 
12, 3, 16, 2, 3, 88, >100 ClU/OOll (P) 

1 PFU/cet!(q, N8, NSjApop 
OA 0.7. 0*. 30 f 5 % 6 PFUfceil {F); Apop 
No affeot at 20 PFU/ceii (P) 
Deer at 200 FPU/con (C) 
2PFU/toe»l(P) 

Deer (P); Apop; greater ccmbirted efWcacy with 

Do* Mito, not vlnor (SkBrS) 
Depr<C) 

24, >100, >1Q0, >1Q0C1U/Ce!l (P) 
Peer (P), sensitized to radiation 
110CIU/ceff(P),d«7{O 
ID (P) 
10 PFU/oeO (P) 
Decr(P&C) 
Decr(P) 

1D. 63, 71 f 97, 77, 138, 65, 37, PFUfee* ^ Apop 
80 ClU/cefl (P) 

Deer(P) 
Decr(C) 

Decr(P) 
Deer (P); Apop 
Dacr (P) 
Deor(P);Apop 

2, $► 7, 9. 3, 38. 81. 78, 79, '55 6lU/cefl (P) 

0.17 PFU/bell (P) 
Sensitized to CDDP 
4,10PFU/ce!l(P) 
Deer (P) 
Deer (P) 

Deer (PJ, sensitized to CDDP; Apop 
Deer{P) 

Decr(P), deer (Pj.no effect 
Deer (P), no effect (F^ 

Dscr(P) 

Decr(PKApop 

Decr(P) 

Desr(P) 

Peer (P); Apop 

Deer (P and C); Apop 

fli 72| 1i 1, 1i B ClU/oell (P); Apop 
1, 2, 16 oiu/eelf (p) 
Deer (p); Apop 

Dacrff") 

Deer (P), sensitized to CDDP? Apop . 
Decr{C) 



15 
16 

17 
18 
18 
20 

21 
22 



16 
24 



21 
27 
22 

2B 
18 
29 
20 

30 
18 
31 
32 

16 

18 
33 
21 
34 
35 
35 
37 
38 
39 

40 
41 
40 
42 
43 
44 

45 
16 
46 

47 
83 
48 



continued 
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Vector 



Cell fines 



ED n valuer lor effects of p53 gene 
therapy on cell proliferation 
(P) or colony formation (C) 



Bladder cancer 



Ad 


HT-1376, 6637, JB8, FHs 7SoB1 


Colorectal concc 


r 

EB, Colo 920D, DLD-1, Colo 20S, WIDr. 


Ad 




SWB37. RKO 


Ad 


SW4SO 


Ad 


DLCM 


Ad 


KM12U 


Ad 


GW4S0 


Ad 


DLD-1, HCT116 


Uver oonrar 




Ad 


Hep 3B, HIE, HUP, 8K-HBP-1. Hep G2 


Ad 


Hep 38. Hep 62 


SWn cancer 




Ad 


SK'MEL-24, Mouse B16 


Muscle cancer 




Ad 


A673. SK-UT-1 


Bone cancer 




Ad 


fiqos-S 


Ad 


Saos-2 


Ad 


Saos-2 


Ad 


Saoe-2 


Rtv 


8aos-2 


Lymphomsa/teykerriias 


Vac 


HL-60 


Ad 


JB6 


Ad 


K-568 


Rtv 


Be-13 


Norma! tissue 




Ad 


CD34+ bone marrow 


Ad 


nbfobbcl 


Ad 


Fibroblast 


Ad 


Fibroblast 


Ad 


Fibroblast 


Ad 


Fibrobiflst 


Ad 


Mammary epithelium (NMEC) 


Ad 


Rst estrooyte 


Ad 


Ret newborn neurons 


Ad 


Bronchial epithelium 



>1Q0, 23, 40, >100 OlU/tell f) 

46, 26, 12, >100, 47. 63, 52. >100 ClU/ceO (P) 

Deer (P), sensitized to radiation 
7 au/oell (P) 
Deer (P), Apop 
Decrff) 

Apop; Arregt . 

5,1,1,88, 64 ClU/belHP) 
^eopFU/ceiKP) 

Deer (P);Apop 

7,5 0W/bell(P) 

2CIUfeel[(P) 
Deer (Pfc Apop 
Deer <P); Apop 
1 PFU/oefl (P) 
Deor(P, C) 



Dficr (PK incr Apop gnd 
DecrfQ 
>100PFU/oeS 
Deer (p ( PJ 



1Q00 PFU/cell (Q 
No effect (P) 

NoejfeotetaopBJ/ceap) 
No effect (P) 
Variable deer fP) 

30-S5tt deer <P 4 Q) at 50 PFU/eell 

10D PFU/cell(P) 

Notfect(P) 

Apop 

No effect at 100 PFU/eell <P) 



16 

18 

49 
81 
50 
22 
31 

16 
21 

52 

16 

16 
5S 
54 
21 
6 

S3 
20 
21 
56 

17 
42 
19 
26 
27 
44 
18 
47 
57 
35 



Ad = Adenovirus, Rtv =» Retrovirus, up « Liposomal ww, vac ^ vaewnm vin4s. «<i " "-"rv ^ i ' " ' a H oBteate 

cdl pfuHferetion inhibited* C - colony formation Inhibited ED M - dose which caused a 50% reduction in P or O. Apop = epoptcs* 
dcmimantBd. NS = not studied. CPDP - oieplalin. Oox = Dojwnjblcln/Adnamycln. Mlto = Mitomycin 0. 



PFU/celL p53 adenovirus had 00 effect on colony for- 
mation by bone marrow colls at concentrations up to 1 00 
PFU/celL At a concentration of 1000 PFU/cell, bone 
marrow colonies were reduced by 50%, however at this 
very high adenovirus concentration cytotoxicity might be 
mediated by mechanisms other than p53 expression. 

Viral oncoproteins, such as HPV E6\ can inactivate 
wild-type p53 and hence, induce a mntant-p53 pheno- 
type In cells lacking alteration in the p53 gene. HPV 
infections are especially prevalent m cervical tumors, 
with a Growing number of reports in head and neck 
tumors/ 5 Hamada et aP examined the efflcacv of a p53 
adenovirus in eight cervical cancer cell lines. Two of the 



lines expressed mutant p53, white the other sk had 
wild-type p53 inactivated by HPV. Proliferation of all 
cell lines was inhibited by p53 adenovirus with ft rang? or 
BDfl> values fcom 9 to 149 PFU/colL The p53 adenovirus 
induced apoptosis in infected cells, as well as, reversing 
tumc^enicUyk vivo. In addition, p53 adenovirus treat- 
ment of established tumor xenografts from four cervical 
lines dramatically reduced tumor growth. 

Combination therapy 

Investigations into the efficacy of p53 gene therapy in 
combination with other therapeutics are only now stan- 
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Table 2. pSa Protein Status of Cells Used in Gsne Therapy 



Tissue pSSstatua 



Cell lines 



Mammary Mutant 



Ovarian 
Cervical 
Prostata 
Lung 

He*¥Neck 
Nervous Sys 

Bladder 
Colorectal 

Liver 



Bona 

Lank/Lymph 



Null 

Wild-type 

Mutant 
Null 

Wild-type 

Mutant 
WT/MPV 

Mutant 
M 

wild-type 

Mutant 
Null 

wnd-typft 
Mutant 

Null 

WikMypa 
Mutant. 



NUlf 

Wild-type 

Mutant 
WllcMypa 
Unknown 
Mutant 

Null 

WWtMypa 

Mutant 

Null . 

Wllchtype 

Unknown 

Mutant 

Null 

Null 

Null 

unknown 



BT*49 4 MDA-MB-231, 
MDA-MB-453, MDA-MB-488, SK- 

MDA-MB-157 

184BS, H8L-100, MCF-7, MCF-10 

2774, Caov*4 

Caov-3 

PA-1 

CS3A» HT3 

OK CaSW, HaLa, ME180, MS751, 
SiHa 

01M45 

Mouse 148-1 PA, TsvPrl , PC-3 
PC-82, LNCaP (silent mutation) 

H23i H226BT, H322, H596, HS01 

OeJu-e, H69, H858, H12S9 

A549, MRC-9iWI-38, WT226. H460 

TR146, Tu-188, Tu-177. CNE-1. CNE- 

22 
SqCC/YI 

MDA B86-LN, MDA 8S6, 

A172. CteOV, G59, G112, G122, G124, 
LG. BU T98G, U1WMG, U2&1MG, 
U373MG, DgWA 

A673, 8K-N-MC 

EFO-2, D54 MG. GB5, SN-N-SH, U87 
MG 

6637, J&2, KT^STB 
FHB 73881 
Mouae MBT-2 

Colo 205, Colo 320D, DLD-1, SW4S0, 

SW620. SWS37, WiDr, KM12L4 
EB 

RKO, HCT116 

HLB, frfl-F* McArRH7777 

Hep SB 

Hep G2, SK-HEJM 

8K-MB^24, Mouse Bl6 

3K-LTT-1 

AS73 

Saos-2 

K-562, U-937, HWO, Be-13 
JB8 



Primary references for the p53 status of tumor call lines can be 
downloaded at the Internet address fttp^/ftp,«tt.ac.uk^uD/ 
dataBasea/pSS or can be found fn tpa articles listed at the end of 



tag to appear, Fujfwara et al 36 demonstrated additive 
benefits in pS?"*" H35S lung cancer whan p53 gene 
therapy was combined with the DNA damaging agent, 
tisptetin. H35S colls cultured with cisplatin for 24 hbnrs 
before transduction with p53 adenovirus had a signifi- 
cantly lower rate of proliferation than cells treated with 
either agent alone. When cells were transduced with p53 
adenovirus 24 hours bofore exposure to cisplatin, there 
was a dose-dependent cisplatin effect. H358 cells or 
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spheroids exposed to both agents exhibited greater 
apoptoaia, as evidenced by DNA fragmentation, An 
additive efficacy of both agents, with enhanced apoptotfc 
death, was also demonstrated in vivo. However, h should 
be noted that 1) the subcutaneous H358 xenografts were 
only 5 mm 3 at the beginning of the experiment and 
control tumors only reached a volume of 30 mm 3 on the 
last day of tumor measurements; 2) only 12 days elapsed 
from the start of dosing to the end of the two studios; 
and 3) the first cisplatin dose (3 mg/kg 3 X) causes an 
average body weight loss of 26% in nude mice by day 7 
and the 6 X dose would have been lethal (LLN., 
personal observation). Stronger evidence came from 
Nguyen et al. 63 In this study, pM 1 "" H1299 lung tumor 
xenografts were dosed with intraperitoneal cisplatin 
before, concurrent with, or after intratumoral p53 ade- 
novirus. The most effective dosing regime was 5 mg/kg 
cisplatin given 2 days befbro three doses of 5 x 10 9 viral 
particles/day of pS3 adenovirus, with the adenovirus 
doses administered 2 days apart. A second cycle of 
therapy produced increased efficacy over a single cycle, 

Gjerset et al 33 demonstrated increased sensitivity to 
cisplatin cytotoxicity in p53*"* T980 glioblastoma and 
p53*iui small cell lung carcinoma cells transduced 
with p53 expression vectors 1 or 2 days before cisplatin 
exposure. Cell death mediated by apoptosla was signifi- 
cantly increased versus p53-transdueed cells, when T98G 
cells were transduced by 100 PFU/colJ of p53 adenovirus 
2 days before exposure to 30 pM^ dsplatra. Additive 
efficacy was also seen for p53 and ^irradiation. Yang et 
al 7 * used pS3 rnPt SW4S0 colorectal tumor cells trans- 
fected with an IPTO-inducible p53 plaamid construct to 
evaluate the combined efficacies of p53 with 5-fluojou- 
racil (5-FU; 0-20 uM), p53 with topotecan (0-10 f*M), 
and p53 with -^irradiation (0-400 cGy for 1 hour). All 
three agents displayed dose-dependent effects on cell 
cytotoxicity which were enhanced by concurrent expres- 
sion of wild-type p53, DNA fragmentation was elevated 
in cells exposed to both p53 ancfSFU. Furthermore, the 
potentiation of S~FU cytotoxicity by p53 was greatest 
when cells were exposed to both agents simultaneously. 
Blagoddonny and El-Deiry 2 * reported increased cell 
IrtThng in pS3 mul SkBr3 mammary tumor cells when 
transduction with pS3 Ad was followed 8 hours later by 
doxorubicin or mitomycin C, but not by vincristine. 
Greater combined efficacy was not observed in D53** 
MCF-7 mammary tumor cells for any of the three drugs. 

Additional studies on the ability of wild-type p53 to 
sensitise tumor cells to irradiation have been reported 
for colorectal and ovarian tumor cells* 4 " 49 SW620 colo- 
rectal tumor cells (pS3 mut ) were transduced with 50 
PFU/ccD p53 adenovirus 48 hours before irradiation 
with 2 or 4 Oy. 49 Cell survival was.roduoed by 50-66% 
compared to mock- or vector-infected irradiated cells, 
and this reduction was mediated by apoptotic cell death. 
Efficacy was also highest in SW620 xenografts pretreatcd 
with three consecutive doses of p53 adenovirus before 
irradiation with S Gy. Again, apoptosis was most evident 
in tumors treated with both agents. Similar, although not 
as dramatic, .results havo been reported for p53 nuU 
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Table 3. Efficacy of p53 Gene Therapy Against Tumor Xenografts 



Call 8ns 



Vector Route 



Dose in vm 



Efficacy 



Reference 



Breast cancer 






2x NFCimOX 


MDA-P/3-231 


Ad 


T/P 


MDA-MB-488 


Ad 


T/P 


2X10»CIU,10X 


MDArM*435 


Ad 


T/P 


8xio e au,iox 


MDA-MB-231 


Ad 


T/P 


a-4x io*ciu p idx 


MDA-MB-231 


Ad 


I.Y. 


4 X 10 8 OIU, 5X 


M0A-M&435 


Up 


l,v. 


16/18 MS DNA, ex 


MDA-MB-436 


Up 


Mr. 


35 DNA, 6x 


MCF-7 


Up 


U. 




Ovarian cancer 






1 XlO^PFUjx 


SK-OV-3 


Ad 


T/P 


Srv-OV-8 


Ad 




l.p. 2X10«CIU,6X 








2 X10 9 O|U, 6X 



Cervical cancer 
C33A 

Kra 

HeLa 

MS7B1 

SlHa 

Prostate cancer 
04-£(LNCaF) 
DU-145 
PC-3 

Mouse 14*1 PA 
Tsu-Pri 

Lung cancer 
H1299 
H69 
H226Br 
H358 
H226Br 

Head and neck 
Tu-138 
Tu-177 
MDA6B6-LN 
MDA 885 
MDA BB8-LN 
TU-188 
TU-177 

Nervous system 
(3122 
Rat 9L 
AB73 



Ad e,v„ T/P 5X10 8 PFU, 6x 

Ad e.^T/PSxlcPprUex 

Ad e,v. NA 

Ad e.v,, T/P fi x 10* PFU, BX 

Ad e^T/PSxltfPFU, 1x, 

a*, ex 



Ad T/P 

Ad e.v, 

Ad e.V. 

Ad T/P 

Ad evv. 



Ad T/P' 

Ad T/P 

Ad i,t. 

Ad T/P 

TOw i.t. 



Ad T/P 

Ad T/P 

Ad T/P 

Ad T/P 

Ad T/P 

Ad T/P 

Ad T/P 



Mouse MBT-2 

Colorectal cancer 
PLO-1 
8W820 

8W820, KM12L4 

uver cancer 

McArRH7777 

Skin cancer 
6K-WEL-24 
Mouse B1 6 



Ad 
Ad 
Ad 



Ad 
Ad 



1 X 10 s PFU, 6X, 8X 
NA 

NA 

6X10*PFU,1X 
NA 

BXirjipN/ceJI, 

2 xio s PFU t ix, BX 

5 X 10 7 PFU. 2X 
2X10 7 PFU,3X 
8xlO»PFU r 3x 



1 x 1fJ» 
1 X10* 
1 X10* 
1 X10 B 
1 X 10* 
1 X 10* 
1 X10 8 



PFU, 1x 
PFU.1X 
PFU, 1X 
PFU,1X 
PFU, IX 
PFU,1X 
PFU< 1 X 



Ad e,v,T/P 7X10 B CIU,3X 
Ad T/P 1X1D>PFU,1X 
Rtv e.v. NA 



95% growth inhibition, 30% tumor-free, Apop 
80% growth Inhibrtfcn, 10% tumor-free, Apop 
No efficacy 

79-BQ% growth Inhibition; 60-80% deer lung metastases 
71% deor no, lung metaa, deer metastases sfee 
73% growth Inhlb 

Growth Inhfb, 63% regressed, 67% long metastasis-free 
40% growth inhibition 

Sensitized to Irradiation 

Incr survival; marginal incr survival 

Marginal incr survival 



__ J tumor suppression; 96% growth Inhlb & 29% tumor-free 
100% tumor suppression; 86% growth Inhlb A 71% tumur-free 
1 00% tumor suppression 

100% Tumor suppression; 88% growth inhlb & 14% tumor-free 
100% tumor suppression; 82% growth Inhlb, 82% growth 
Inhta 95% growth inhlb & 20% tumor-free 

Growth Inhlb, 88% tumor-free; Apop 
100% tumor suppression 
100% tumor suppression 
21% growth inhibition 
90% tumor suppression 



Incr efficacy In combination with C0DP (1i 2) 
incr survival 

78% growth inhibition, 75% tumor-free va 20-30% of 
Growth inWWKon; Adaptive efficacy with CDDP £) 
64% growth inhlb, 63% tumor-free vs. 25% of controls 

100% tumor suppression 
100% tumor suppression 
100% tumor suppression 
67% tumor suppression 
Apoptosle in tumors 
97% growth tohibWon 
08% growth inhibition 

100% tumor suppression 
40% growth inhibition 
Tumor suppression 



Ad i.e.,i.p. 1.5X 10 fl PFU,lx No efficacy 



T/P 
T/P 
T/P 



1 x to* ciu, ax 

2.5 X 1CP PFU,SX 
3.3X10* PFU.3X 



Ad WA m 



T/P 
T/P 



2 X10*PFU,1X 
2 X 10* PFU, 1X 



Growth Inhibition, incr survival 

Growth Inhibition, Inor Hpoptosis after irradiation 

Growth Inhibition, incr apaptosls 

Growth inhibition 

Growth Inhibition 



88 
58 
15 
16 
09 
60 



25 



28 
28 
88 
28 
2B 



30 
30 
30 
31 
32 

81 
21 
34 
36 
37 

42 
42 
42 
42 
43 



45 
47 
48 

63 

16 
48 
50 

84 

82 
52 

Continued 
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Table 3. Contained 



Call linos 


Vector Route 


Dose #7 WW 


Efficacy 


Reference 


Bone cancer 










3aos-2 


Ad e.v. 


NA 


100% tumor suppression 


21 


Saos-2 


Rtv e,v. 


NA 


100% tumor suppression 


6 


Normal tissue 










Rat liver 


Ad PV 


S X 10* PFU ( IX 


No effect on liver regeneration aftar hspetectomy 


65 



Ad - adenovirus. Up » liposomal DNA, Rtv = retrovirus, T/p * (ntraVperttwnorai, l.v. >= Intravenous, i.p, n brtraparteneal, Lt. « 
Irrtretracheal, IHA » Intrahepatic artery, PV « hepatic portal vain, o,v. = ex i#o, La, = intrsves&ular, NA ■ not appEcabie, CDDP = 
cteptetln at 1) 5 rngftg, Lp., 1 x; 2) 1.67 mo/ko, 3x ; g)3 mo/kg, l.s,, 3 times. Apop = apoptoslsKtooumentsd. All coils am human unless 
otherwise indicated. 



gene therapy. The converse situation, p53 pretreatment 
of tumors, has hot proven as effective m sensitizing 
tumors to dsplatln* However! this result may be due to 
physical factors and not a true deficiency in pS3 effects, 
Wijen mice are given intraperitoneal doses of cisplatin, 
the drug reaches most, if not ad* tumor cells via the 
blood supply. On the other hand, the in vivo experiments 
reported to date have used an adenovirus vector and 
direct Injection into the xenograft and surrounding 
tissues to deliver the p53 gene. The architecture of this 
tumor system limits diffusion of the adenovirus, and 
thereby, limits the number of Intertable target cells 
which come in contact with the adenovirus. In very small 
tumors, a sizeable fraction of the tumor cells may be 
transduced fay one dose of p53 adenovirus, but this 
situation is the exception rather than the rule. This was 
clearty demonstrated in Nielsen et al, 13 where fraction* 
ated doses of p53 adenovirus had increased antitumor 
efficacy over fewer, higher doses. 

In a eighth study on combination therapy, cell differ- 
entiation, not cell death 'was the end result Bhringer et 
al" transfected p5F u11 U-937 leukemia cells with a 
temperature-sensitive murine p53 mutant which con- 
verted to wild-type conformation at 32°C, Expression of 
wild-type, but not mutant, p53 slowed cell proliferation, 
caused cells to accumulate in the Ol phase of the cell 
cycle, and induced apoptosis. Somewhat paradoxically, 
expression of wild-type p53 sensitised cells to differen- 
tiation mediated by vitamin D3 and this effect "over- 
rode" the apoptosis pathway. 

Clinical efficacy 

The potential for toxicity in normal tissue, caused by the 
expression of exogenous p53 f is an issue of concern fbr any 
cubical protocol. Preclinical date are encouraging on this 
issue. Investigators have observed Kttfe or no detrimental 
efocts on normal fibroblasts, bronchial epithelium, mam* 
maiy epithelial colls, bone marrow cells, rat astrocyte cells, 
and rat liver at concentrations of p53 which are highly 
effective at killing neoplastic odli^W^ The 
most common route of p53 administration to tumor 
xenografts has been through intra- and 'peri tumoral 
injection. No gross necrosis or other abnormalities of 
tissues surrounding infection sites has been reported in 
the literature or observed in our laboratories (L.N. and 
D.M.), One cautionary report has been published. 57 The 
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SK-OV-3 ovarian tumor ceils, 24 Cells transduced with 

j p53 adenovirus and subsequently irradiated with 2 or 4 

1 Gy had approximately 8-30% lower survival than mock* 
or vector»infccted irradiated cells, Subcutaneous tumor 

' xenografts were treated once with p53 adenovirus or the 
appropriate controls, then irradiated with 4 Gy/day on 3 
consecutive days. This dosing regime was repeated 1 
week later. Combination therapy with p53 and irxadja- 

j tion had significantly increased efficacy against tumor 

> xenografts and cured 45% ol the mice. 

The preliminary conclusion, which can be gleaned 

j from these seven studies** 12 ^ 3 * 4 ^ 61 - 75 is that p53 gene 
therapy combined with DNA-damaging agents has ad- 

] dftionaJ efficacy over p53 gene therapy alone. Further, 
no observations of antagonistic interactions between p53 
gene therapy and more traditional anticancer therapeu- 
tic agents have been reported. In particular, cisplatin 
pretreatment might sensitize tumors to subsequent p53 




0 eo 40 eo ao 
% Cells Bcpresting &*al vtoeidsse 



Rgure 1 . p53-specific growth inhibition as a function of adenovirus 
transduction. pGS-spscffic antiproliferative effects of p33 adenovirus 
were measured at 90 ClU/cell in a 72 hours pHJtttymidlne incorpo- 
ration assay and normalized for the effects of an adenovirus vector 
control. Adenovirus transduction was measured as the percentage 
of cbQs expressing p^aiactosWase 84 hours aftar Infection with a 
p-gal adenovirus. Open symbols represent rnOMduaJ psa-altered 
ceil lines (squares, p53 mut ; triangles, pS^^V Closed symbols rep- 
raaent ceil lines expressing endogenous wild-type p53. Data are 
presented as means of replicate experiments. (Reprinted from Raf. 
16). 
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investigators transduced newborn Sprague-Dawley rat 
neurons with recombinant adenoviruses in vitro and 
found dose-dependent p53-spedflc toxicity, in addition 
to the vector-specific toxicity discussed below. 

To date, ooJy one clinical study has been published in 
which vector transduction of target tissues was con- 
firmed. Roth et al 77 transduced Jung tumors using a p53 
retrovirus introduced into patients via fiberoptic bron- 
choscope or percutaneous needle with radiologic guid- 
ance. Nine male patients with a history of primary 
non-small cell lung carcinoma (NSCLC) and recurrent 
or metastastlc tumors were enrolled in the phase I study. 
All nine patients had mutations in the p53 gene. Vector 
sequences were detected in eight of the treated tumors. 
In addition, six out of seven evaluated tumors showed 
evidence of increased apoptosis. Tumors regressed in 
three of the seven patients and no toxicity due to p53 
therapy was observed. The results of this promising 
phase I human trial support cautious Optimism for the 
future of p53 gene therapy of cancer, 

FUTURE CHALLENGES 

Vector toxicology 

The most significant elements in the emerging toxicolog- 
ies! profile for recombinant adenoviruses are the local- 
ized inflammatory response at the site of administration 
and the interference with normal hepatocyte functioning 
caused by high intravascular concentrations of vims. 
Zhang et al 33 reported on the toxicology of El-deleted 
pS3 adenovirus in mouse lungs. Intratracheal adenovirus 
at ID 7 to l<r Q PFU/mouse was administered to Balb/c 
mice, and hmgs were harvested 1, 3, 6, and 12 days after 
inoculation. No pathological changes were observed at 
the 10* and 10 s PFU dose levels, However, at the 10* 
and lCr PFU doses there was a mild inflammation 
characterized by perivascular and peribronchial infiltra- 
tion of mononuclear cells. 

At least three groups have reported changes in hepa- 
tocyte faction at very high doses of El-deleted adeno- 
virus. w Cultured mouse hepatoses were 100% 
transduced by recombinant adenovirus et 100 PFU/cell 
without any toxic effects, however at virus concentra- 
tions & 1000 PFU/cell cytotoxicity was observed, 78 
C57BJ/6 mice dosed with 1 x lO 10 viral particles via the 
hepatic portal vein did not exhibit toxic effects. However, 
infusion of 7 x 10 10 viral particles was lethal in most of 
the mice, due to liver necrosis, Drazan et al 79 studied 
liver function in male Brown Norway rats after fit viw 
infusion of j9-gal adenovirus or empty vector via the 
hepatic portal vein and subsequent liver transplantation 
into syngeneic hosts. Transduction with 50 PFU/cell 
0-gal adenovirus resulted in ascites and lethality due to 
liver necrosis in three out of fcur rats. Liver necrosis was 
absent in livers infused with vehicle or empty vector. 
Yang et a!*> infused 1 X 10 10 PFU retrograde into the 
biliary tracts of female CBA and athymic nude mice. 
CBA mice Infused with a 0-gaJ adenovirus developod 
irvcr pathology characterized by ballooning degenera- 
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, tion of hepatocytes and cell death, followed by increased 
hepatic mitoses and some lymphocytic infiltration. Nude 
mice had similar hepatocyte abnormalities, but no lym- 
phocyte infiltration and hepatic mitoses. 

At least one group has reported on the effects of 
intravenous p53 liposomes on organ histopathology. 59 
The first p53 liposome dose contained 16 jxg of DNA 
with 400 mnol of liposome (= 1:1 ratio of 1,2-dioleoyK 
w-glycero»3H5th^phosphocholino and dioleoyl phos- 
phatidylerhanol&rnine). Ten days later a second ixrjection 
of 12 ftg of DNA with 400 ntnol of liposome was given. 
Athymic nude mouse organs were harvested 14 days 
after the last injection. No pathological changes were 
observed in heart, lung, liver, pancreas, spleen, kidney, 
intestine, or skin. Also, blood chemistry was unchanged 
by p53 liposomal treatment. 

Immune response to adenoviruses 

Prevailing theory holds that adenovirus infection gener- 
ates a rapid inflammatory and cytolytic response medi- 
ated by cytotoxic T celts in hosts with folly functional 
immune systems. 81 This T-ccll response is stimulated by 
adenovirus antigens produced in host cells and pre- 
sented in conjunction with major histocompatibility 
complex moieties on the cell surface. Neutralising anti- 
bodies specific for cells transduced by adenovirus are 
produced later in the immune response and are believed 
responsible for the reduced ability to re-infect host ceils 
with adenovirus after initial inoculations. 

One proposed solution to the adenovirus immune 
system problem is to create vectors in which most of the 
late viral genes are deleted. A cautionary note for this 
strategy can be found in Adesanya et a),** where fay ec* 
don of either bioacrjve or UV-inacbVated adenoviruses 
into rat salivary gland caused a sharp reduction in saliva 
production! in other words, inflammatory cell infiltration 
and tissue damage. This occurred despite the lack of 
gene transcription from the Unirradiated virus. Adeno- 
viral and liposomal vectors both cause some tumor 
growth inhibition without p53 expression in mouse xeno- 
graft models. The mechanism of this antitumor effect is 
unclear at present. It may be partially mediated by 
nonspecific immune cells such as NK cells, 54 however 
other mechanisms are also Likely to play a role. 

Bystander effects 

There is some evidence that p53 might exert some of its 
antitiunor activity through inhibition of anglogene- 
sis* 9 ' 83 pSS™" fibroblasts from li-Fraumeni patients 
secreted reduced levels of thrombospondin-1, an angio 
genesis inhibitor, compared to early passage pSS* fibro- 
blasts. An anti-thrambospondin-l antibody restored 
the migration of bFGF-stimulated capillary endothelial 
cells which was induced by pSS™ fibroblast-conditioned 
medium, implying a role for thrombospondin4 in angio- 
genesis suppression. Restoration of wild-type p53 func- 
tion in p53 nv " fibroblasts resulted in higher levels of 
thromhospondin-1 and lower angiogenic activity in con- 
ditioned medium. Other evidence for a role of p53 in 
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ring angiogenesis was reported by Xu et al. 59 

IB-435 mammary tumor xenografts In nude mice 

showed significant growth inhibition and reduced blood 
vessel density when mice were dosed with Intravenous 
p53 liposomes. This result is especially surprising given 
the low tumor transduction rate of 5% in this experi- 
ment 



CONCLUDING REMARKS 

The preclinical studies reviewed abovo have clearly 
demonstrated the feasibility of p53 gene therapy for 
cancer m a variety of models. Expression of p53 in 
cancer cells lacking this tumor suppressor can lead to 
cell apoptosis or cycle arrest, and delivery of p53 may 
also inhibit the angiogenesis required for tumor growth. 
Although retroviral vectors were used initially to dem- 
onstrate the utility of p53 rdntroduction, alternative 
delivery strategies are required for successful p53 gene 
therapy in the clinical setting. Adenoviral vectors pro- 
vide an efficient method for locoregjonal delivery and 
transient ovensxpression of pS3, and this strategy may 
enable effective pS3 gene therapy for the treatment of 
certain malignancies. Ongoing clinical investigations will 
provide critical information on the safety and efficacy of 
this approach. However! significant advances in current 
gene delivery technology are needed to increase the 
efficiency of gene transfer to metastatic disease. 
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